To ascertain the ability of commercial and home-made antifading media to reduce the decrease of fluorescein isothiocyanate (FIK) fluorescence, we studied the bleaching characteristics of FIX-stained Reh 6 cells mounted in buffered glycerol and in anti-fading media. We measured the intensity of fluorescence over time with a confocal laser scanning miaoscope and a standard epifluorescence m i w p e coupled to an image analysis system. Most of the anti-fading media&velyretardfadingbuteachhasdrawbaclrs.Better results were obtained with media containing p-phenylenediamine (solutions in buffered glycerol, Vectashield, Fluorstop). However, Mowiol, Slowfade, n-propyl gallate (20 glliter) were also dective in retarding fading. Most of them, Supported by INSERM grant number 90-0913.
Introduction
The most widely used fluorochrome in fluorescence microscopy studies is fluorescein isothiocyanate (FIK). The major problem with the use of F I X is the distinct and rapid loss of fluorescence (fading) when preparations are exposed to exciting light, especially under optimal conditions (illumination at the absorbance wavelength of the dye, objective of a high numerical aperture) (2,15), FIXstained preparations mounted in conventional buffered glycerol almost instantly show marked bleaching.
The use of a mounting medium that retards fading without drawbacks (no toxicity, no increase of background, no quenching, and easy to use) would be of considerable practical advantage. Chemicals that retard photobleaching have been previously reported (9,10,14-16,19,20). Addition of #-paraphenylenediamine (PPD), n-propyl gallate (NPG), or 1-4-diatabicycIo(2,2,2)-octane (DABCO) to the buffered glycerol used to mount the stained preparations appears to retard fading under exciting light. At present, ready-touse or anti-fading media in kit form are available. These products are desirable and necessary, since there are objections to the routine use of highly toxic chemicals.
The present work aimed to compare most of the recent commercial anti-fading media: Vectashield, Slow-fade, Citifluor (AF 121, AF 111, AF 101, AF 91, AF 71, and AF 31). Fluor-stop, and Mowiol to homemade anti-fading media. Solutions of either DABCO, PPD, or NPG were added at different concentrations in buffered glycerol. Control slides consisted of preparations mounted with buffered glycerol.
To obtain objective data on the effects of the anti-fading agents, we measured over time the fluorescence intensity from FIX-stained cells exposed to continuous incident illumination (conventional mercury vapor bulb) or discontinuous argon laser irradiation (488 nm). Measurements were performed with an image analysis system (Quantimet 570, Leica) and a confocal scanning laser microscope (ISM 10, Zeiss).
Materials and Methods
Specimen Prepantion. Protein content of Reh 6 cells, a pre-B acute lymphoblastic leukemia cell line was stained with FIE (3,8) . The cells were centrifuged for 10 min at 700 x g. The pellet was suspended in PBS, pH 7.2, containing 0.1 glliter E m and cytocentrifuged slides were prepared (33 x g for 5 min). Slides were immediately fixed in methanol for 2 min, rehydrated in PBS, pH 7.2 (three times for 3 min), then fixed in paraformaldehyde 4% (freshly prepared) for 10 min. Slides were washed with PBS containing 0.5 glliter sodium borohydride (three times for 5 minutes) to decrease the autofluorescence of the fixed cells (1.7.11). then rinsed in PBS and incubated for 10 min at room temperature (RT) in a humid chamber with 100 ~1 of the FIX solution. The FITC solution was prepared as follows: 1 mg of fluorescein isothiocyanate (isomer I), (Sigma) was dissolved in 1 ml of absolute alcohol, then diluted 1:5000 in PBS. After incubation, slides were washed three times with PBS. After washing, slides were mounted with different media (described below), coverslipped, sealed with clear nailpolish, and stored overnight in the dark at 4°C. To take into account the variability of the technique, five different experiments were performed (i.e., five different stainings and quantitative measurements).
As FITC fluorescence is pH sensitive, protein content was also stained with rhodamine B isothiocyanate mixed isomers (Sigma) (8). Rhodamine solution and staining were performed in the same way as FITC experiments.
Preparation of Media. Ten media were obtained from manufacturers (Table 1) . Mowiol was prepared as previously described (18) without adding DABCO. Vectashield, Fluor-stop, and Citifluor media were kindly provided by the manufacturers.
The other three media were solutions of either DABCO, PPD or NPG added at different concentrations (see below) in buffered glycerol [YO% glycerol anhydrous (Fluka): 10% PBS 1 x (Biomtrieux)].
Dilutions of 1-4-Diazabicyclo(2,2,2)-octane (DABCO) from 50 to 5 g/ liter were made in buffered glycerol. For the first concentration (50 glliter), DABCO was dissolved in buffered glycerol with gentle heat (30'C) in a water bath for approximately 1 hr. After complete solubilization the successive dilutions were made (25, 10, and 5 g/liter).
Dilutions ofp-phenylenediamine (PPD) from 5 to 0.5 glliter and of n-propyl gallate (NPG) from 20 to 1 g/liter were made in buffered glycerol. At high concentration the dissolution of PPD and NPG was difficult (PPD at 5 glliter, NPG at 20 g/liter). However, when prepated with continuous stirring, only 1-2 hr were required for complete dissolution. The successive dilutions were then made (PPD 2, 1, and 0.5 g/liter; NPG 10, 5, and 1 g/ liter).
During preparation, all dilutions were stirred in the dark at RT. Controls consisted of preparations mounted in buffered glycerol (Biomtrieux and homemade).
As FITC fluorescence is optimal at pH 8.5, we tested the pH influence in one experiment. pH of the media was brought to pH 8.5 with 0.1 N NaOH. The effects of mixtures (v/v) of Mowiol-Vectashield, Mowiol-Fluorstop, Mowiol-PPD 2 g/liter, and Mowiol-NPG 10 g/liter on FIX bleaching were also tested.
Fluorescence Mirroscopic Image Analysis. Image analysis was performed with the Quantimet 570 (Leica; Cambridge, UK) connected to an intensified coupled charged device (CCD) camera (LH51 XX-SPU; LHESA, Cergy-Pontoise, France) and an Axioplan microscope (&is; Oberkochen. Germany) equipped with a stabilized high-pressure mercury lamp (HBO 100 W). The excitation light was reduced with a 6% neutral filter. One experiment was also performed with a 25% neutral filter or a combination of 6% and 25% neutral fdters to test the effect of the light dose given. Fluorescence emission was recorded through a planapochromat x 40 oil-immersion, NA 1.0 objective, with an optovar magnification x 1.25. All measurements were made through the following filter set: a bandpass filter BP 485120 nm, a chromatic beamsplitter FT 510, and a bandpass filter BP 515-565 nm. Sensitivity of the CCD camera remained the same for all slides of any given series.
After focusing on stained cells in a corner of the cytocentrifuged cell spot, unexposed cells were automatically moved into the field and aurofocus was performed. Each fluorescence image was obtained by averaging two images. The measurements were performed within a central 256 x 256pixel frame. Total fluorescence intensity was measured for 360 sec (6 min) at 1.39-sec intervals and the 259 measurements were stored in a data file. Measurements were performed in a dark room. The mean background gray level and the area occupied by the cells were evaluated at the end of image analysis on the first image, previously stored in the image memory. Data acquisition was done immediately after focusing without any delay.
Confocal Laser Scanning Fluorescence Microscopy. We used a confocal laser scanning microscope (CUM 10; Zeiss) coupled by an IEEE-488 interface to a Deskpro 486/33M computer (Compaq; Houston, n). The excitation source was an argon laser (488 nm). The fluorescence emission was split by a dichroic mirror R 510 and was measured by the detector situated behind a bandpass filter BP 515-545 nm. Fluorescence emission was recorded through a x 40 plan neofluar oil-immersion objective with a high numerical aperture (1.3). The (x, y) laser scanning was carried out with a x 20 electronic zoom.
After focusing on FIK-stained cells in a corner of the cytocentrifuged cell spot, unexposed cells were automatically moved into the field and autofocus was performed. Each fluorescence image was obtained by averaging two images. The measurements were performed within a central 256 x 256-pixel frame. One field was measured for every preparation in a series of 100 scans, 2 sec each (200 sec). Voltage gain, PMTvoltage, and sensitivity remained the same for all slides in any given series. The images were stored on the CLSM disk and were then transferred to the Deskpro computer. Total fluorescence intensity was calculated with a Pascal software package, the first image being processed on the Quantimet 570.
Data Analysis. The mean fluorescence intensity of the stained cells was calculated according to the following formula:
Zoccupied area
where GL = gray level. This calculation was used for both image analysis and confocal microscopy.
Results
To ascertain the ability of anti-fading media to reduce the decrease of fluorescence, we compared the bleaching characteristics of FITCstained Reh 6 cells mounted in standard medium (buffered glycerol) and anti-fading media (commercial and homemade) under excitation with conventional illumination and argon laser illumination.
FITC Fading in Standard Buffered G/ycerol
Preparations mounted in control solutions (i.e., buffered glycerol, commercial or homemade) and viewed by fluorescence microscopy showed rapid and striking fading. After 1-min illumination through a x 40 objective, the exposed field appeared as a "black area" (Figure 1 ).
Our quantitative results showed that bleaching occurs during the first few seconds and is followed by a much slower rate of fall (Figure 2 ). Fluorescence intensity fell to 50% of the initial figure after -30 sec of continuous illumination (Figure 3A) . Similar results were observed under discontinuous laser illumination (Figure 3B ).
FITC Fading in Commercia/ Anti-fiding Media
When we compared the bleaching data obtained with the various commercial anti-fading media with those of the control group (buffered glycerol) we made the following observations.
With Vectashield, about 2 min of illumination was required for a 50% loss of initial fluorescence intensity (Figure 3) . Moreover, Vectashield was the only commercial medium more effective than a fourfold reduction of dose light on samples mounted without anti-fading medium (data not shown). Although Vectashield had a significant anti-fading effect, we noted that the initial fluorescence intensity was quenched (Figures 2A and 4A) . However, mounting in Vectashield induced a lower decrease of initial fluorescence intensity than that induced by a fourfold reduction of illumination (data not shown). Quenching was less marked under laser illumination ( Figure 4B) . The background was slightly higher than with buffered glycerol (Figure 5 ) , but was quite acceptable.
Fluor-stop had an effect on bleaching (Figure 3 ) but dramatically decreased initial fluorescence intensity (Figure 4) . Mowiol increased initial fluorescence intensity (Figure 4) and had a reduced but still marked anti-fading e&ct (Figures 2 and   3 ). Slowfade gave similar retardant results (Figure 3) , but induced quenching of the initial fluorescence (Figure 4) .
Most of the Citifluor media had no retardant effects. A very slight effect was observed with AF 31, recommended for examination of suspensions of labeled whole cells and with AF 121, recommended for use with labeled tissue sections (Figure 3 ). The worst results were obtained with AF 71, which did not retard fading and decreased initial fluorescence intensity (data not shown). Under our experimental conditions, when both fading ( Figure  3 ) and initial intensity ( Figure 4) were considered, Vectashield and Mowiol were the best commercial media (Figure 2 ).
F I K Fading in Homemade Anti-fiding Media
Retardation by PPD. At a concentration of 5 glliter, even after 5 min of continuous illumination the 50% loss of initial fluorescence intensity was never obtained ( Figure 3A) . The retardation of fading was less marked under laser illumination ( Figure 3B ). The degree of fading varied slightly with concentration from 5 to 2 glliter ( Figure 3A) , and at these concentrations PPD was the only medium more effective than a 16-fold reduction of dose light (data not shown). At lower concentrations decay was greater. Although the PPD was an excellent retardant of fluorescence fading, we noted that initial fluorescence intensity was quenched (Figures 2A and  4) . Initial intensity was about twice as low as that observed with buffered glycerol; quenching did not significantly vary with concentration (Figure 4) . No significant background was observed with PPD ( Figure 5 ) , but increased background levels under continuous exposure were observed (data not shown).
Addition of PPD in buffered glycerol between 2 and 1 glliter seemed to be satisfactory when both preparation and fading are considered.
Retardation by NPG. Addition of NPG in buffered glycerol produced retardation but a high concentration was required to arrive at a useful level. Significant results were obtained with a final concentration of 20 glliter; the 50% loss of initial fluorescence inten- Table 1 for abbreviations). Vertical bars = SEM. sity was reached after 3 min of continuous exposure and after 2 min of laser illumination (Figures 2 and 3) . However, at this concentration initial fluorescence intensity was significantly decreased (Figures 2A and 4) . Like Vectashield and PPD from 2 to 0.5 glliter, NPG 20 glliter was more effective than a fourfold reduction of dose illumination on stained cells mounted with buffered glycerol (data not shown). At lower concentrations (from 10 to 1 glliter) a slight but still marked beneficial effect on bleachingwas observed; results were similar to those obtained with Slawfade and Mowiol ( Figure  3) . Moreover, we observed that the quality of the stained specimen mounted in the presence of NPG, whatever the concentration, was superior to those mounted in buffered glycerol or other media (no background and high definition) (Figures 5 and 6 ).
Retardation by DABCO. Addition of DABCO in buffered glycerol produced retardation but, as with NPG, a high concentration was required to reach a useful level (Figure 3 ). However, although an anti-fading effect was observed, background fluorescence was significantly higher with DABCO than with all other media Table 1 for abbreviations). Vertical bars = SEM. (Figure 5 ). In fact, from 50 to 10 glliter the background was so high that these concentrations were unusable (Figure 7) .
In our hands, it appeared that the addition of anti-fading agents (PPD, NPG, DABCO) in buffered glycerol reduces the decrease of fluorescence. Addition of PPD at 2 glliter is the best agent for retarding the fading of cells stained with FIX. NPG and DABCO require high concentrations to be effective (Figure 2B) . The advantage of NPG was that it showed the best quality of preparations.
Influence of p H on Fading
As the absorption and emission spectra of FIX are maximal at pH 8.5-9, all the media were tested at this optimal pH. When pH was increased, a real improvement was observed only for Fluor-stop. Initial intensity was about twice as high as that observed at pH 5 and was associated with a better anti-fading effect.
Media with NPG 20 glliter and 10 glliter showed a higher initial intensity at pH 8.5 but it was associated with a lower retardant ef-i I Figure 6 . FITC-stained Reh 6 cells mounted in NPG 20 @liter. The photographed area was exposed for 2 sec. Bar = 11 pm. fect. Conversely, a slower initial intensity of fluorescence and a greater retardant effect were observed with PPD 1 and 0.5 glliter at pH 8.5. However, whatever the medium, the background was significantly higher at pH 8.5.
Protein content was also stained with rhodamine B isothiocyanate, a dye less sensitive to pH. As expected, it was a more stable reagent than F I E . When slides were mounted with buffered glycerol (i.e.* without addition of anti-fading compounds), the 50% loss of initial fluorescence intensity was never obtained even after 5 min of continuous illumination. Surprisingly, when slides were mcjunted in Slow-fade, Citifluor 121.91.71, or DABCO, rapid and striking bleaching was observed.
As with FITC staining, most of the anti-fading media except for Mowiol, Fluor-stop, and Citifluor (except AF 31). decreased the initial fluorescence intensity. No significant background was observed whatever the medium used.
FITC Fading in Mixed Media
Having observed that Vectashield. Fluor-stop, PPD 2 glliter, and NPG 10 glliter induced slow decay of fluorescence but with initial quenching of fluorescence, whereas Mowiol induced a lower re- tardant effect with increased initial fluorescence intensity, we consequently mixed these media. Better results were observed with combinations than with anti-fading media alone, except for the combination with the most effective anti-fading (PPD 2 glliter-Mowiol) (Figure 8 ).
Main Conclusions
For each compound, the bleaching process of fluorescence was similar in both illumination systems. Most of the antifading reagents were found, under our experimental conditions, to decrease bleaching. However, wide variations in efficiency were observed among the media tested. Of the compounds tested, Vectashield, or Mowiol, addition of PPD from 5 to 1 glliter or NPG at 20 glliter in the buffered glycerol were the most effective antifading agents. Antifading media can be divided into two categories, those that induce a slower decay of fluorescence but significantly quench initial fluorescence intensity, and Mowiol, which induces a lower retardant effect without any decrease in initial fluorescence intensity. Combination of media gave promising results and may be useful when a strong retardant effect is required without marked quenching of the initial fluorescence.
Discussion
Under our illumination conditions we observed that FIX-labeled preparations mounted in conventional buffered glycerol lost half of their initial fluorescence intensity after -30 sec. Such fluorescence decay hinders microscopic observations, microphotography, confocal study, and quantification. In this study we compared commercial and homemade anti-fading media with buffered glycerol.
Our study showed the usefulness of commercial antifading media and confirmed the reported usefulness of PPD, NPG and DABCO for retarding fading of FITC fluorescence under light or laser excitation (9JO.14-16,19,20) . The effects of the reagents on FITC fluorescence were similar in both illumination systems, in accordance with Bock et al. (4) .
The use of commercial media containing PPD or adding of PPD to the buffered glycerol for mounting the stained preparations had the most pronounced retarding effect during microscopy. However, we observed quenching of initial fluorescence intensity, which agrees with the reports of others (20), although other authors have observed that PPD increases the initial fluorescence intensity (16, 19) . Despite careful preparation of solutions containing PPD (preparation in the dark and use within 12 hr), the medium very quickly turned brown. Valnes and Brandtzaeg (20) have demonstrated significant quenching of initial fluorescence when PPD turned brown due to oxidation. However, at 0.5 g/liter the brown color was very pale and the intensity was not obviously enhanced. Among the commercial media, Fluor-stop dramatically quenched fluorescence. It may be that this medium contains an overly high concentration of PPD. More probably, however, the only cause would be the pH, FIX emission peak height being considerably diminished at acid pH (Fluor-Stop pH = 5 ) (12). Our experiments demonstrate that when Fluor-Stop pH was brought up to 8.5, the initial fluorescence intensity was significantly increased and was close to that obtained with buffered glycerol. Preparations mounted with PPD did not show a significant background; however, we noted background increased under illumination. This might be due to nonspecific binding of FITC molecules on PPD. A PPD molecule has two free amino groups and FITC stains cell protein by binding to amino-lysine groups. One hypothesis is that free FITC molecules could bind to the amino groups in the PPD. This light increase of the background was not observed with Fluor-stop and Vectashield. However, PPD and media containing PPD had considerable drawbacks, particularly difficulty in storage (sensitivity to light, air, and temperatureafter a few days stained preparations showed discoloration and slides had to be remounted in buffered glycerol alone for prolonged storage) and toxicity. PPD is a highly toxic chemical. Fluor-stop and especially Vectashield, which is ready to use, are of great interest since the user does not have to weigh out PPD powder.
Mounting preparations in buffered glycerol with NPG 20 gl liter produced similar results to those obtained with PPD at 5 or 2 glliter, without toxicity problems. However, at this concentration the quenching of fluorescence was higher than with PPD. Hmever, this drawback is not necessarily always cumbersome (e.g., samples with high fluorescence levels, analysis at a higher camera sensitivity level) and in our experience the quality of the preparations was so good that we consider NPG the agent of choice for retarding the fading of cell preparations stained with FIX.
Mowiol both enhanced initial fluorescence intensity and retarded fading, in agreement with reports by Valnes and Brandtzaeg (20), who believe that this enhancement is apparent and is probably due to the extremely rapid initial fading at first exposure of FITC in buffered glycerol. In our experience, however, only Mowiol increases initial fluorescence, other media showing similar or lower initial fluorescence intensity. F I X emission is greater at alkaline pH than at acid pH; authors have observed maximal fluorescence at pH 8.5 (12J3). In our work, Mowiol was at pH 8, whereas buffered glycerol was at pH 7. However, other media having an alkaline pH (e.g.. Vectashield and Slowfade) did increase fluorescence intensity, and when we tested the pH influence on FITC fluorescence our results showed that higher pH did not always increase the initial fluorescence intensity. Moreover, when we used rhodamine B isothiocyanate, a less pH-sensitive dye, we observed decreased i n i t i a l fluorescence for some alkaline and some acid media. Therefore, other factors seem to be involved in the initial fluorescence intensity level. Although Mowiol has been recommended for phycoerythrin rather than F I X (lo), in our study this medium significantly reduced FITC fading. Slowfade gave similar results but without increasing initial fluorescence intensity. However, whereas Mowiol requires preparation (although aliquots can be stored at -20°C for several months), Slow-fade is ready to use. Addition of DABCO to the buffered glycerol used for mounting the stained preparations yielded surprising results. Indeed, even though an anti-fading effect was shown with this compound, very high background was observed. Authors using DABCO had never noted this point (1,6,14,15,20) . With rhodamine, no significant background was observed but samples mounted in media containing DABCO showed rapid and striking bleaching under illumination; this has not been reported by other authors using buffered glycerol containing DABCO for multiple fluorescence labeling (5,17). These observations might be due to the staining technique we used, which is not immunofluorescence staining.
In our hands only two Citifluor media very slightly retarded FITC fading; Krenik et al. (16) used Citifluor media and obtained better results.
In conclusion, most of the antifading media effectively retard FITC fading. They are more effective on bleaching than a reduction of the dose illumination. Only a 16-fold reduction of dose light, except for PPD 5 and 2 g/liter, is more effective than mounting in anti-fading media, but in this case the initial fluorescence is at a very low level.
In our hands, better results were obtained with Vectashield and with media containing PPD or NPG, however, other media gave satisfactory results (Mowiol, Slow-fade). Mowiol could be especially useful when fluorescence intensity is low, since it increases the initial fluorescence intensity. Mixing of media gave promising results. In our study, association of Mowiol with another medium increased the anti-fading effect and the initial fluorescence intensity. Combination of media seems to be a useful compromise when a strong retardant effect is required without marked quenching of the initial fluorescence.
Literature Cited
1. Bacallao R, Bomsel M, Stelzer EHK, De Mey J: Guiding principles of specimen preservation for confocal fluorescence microscopy. In Pawley
